The crystal structures of three hydrogen-bonded co-crystals of 4-alkoxybenzoic acid-4,4 0 -bipyridyl (2/1), namely, 2C 9 H 10 O 3 ÁC 10 H 8 N 2 , (I), 2C 10 H 12 O 3 ÁC 10 H 8 N 2 , (II) and 2C 11 H 14 O 3 ÁC 10 H 8 N 2 , (III), have been determined at 93 K. Although the structure of (I) has been determined in the space group P2 1 with Z = 4 [Lai et al. (2008) . J. Struct. Chem. 49, 1137 -1140 ], the present study shows that the space group is P2 1 /n with Z = 4. In each crystal, the components are linked by O-HÁ Á ÁN hydrogen bonds, forming a linear hydrogen-bonded 2:1 unit of the acid and the base. The 2:1 unit of (I) adopts nearly pseudo-C 2 symmetry, viz. twofold rotation around an axis passing through the mid-point of the central C-C bond of 4,4 0 -bipyridyl, while the units of (II) and (III), except for the terminal alkyl chains, have pseudo-inversion symmetry. The 2:1 units of (I), (II) and (III) are linked via C-HÁ Á ÁO hydrogen bonds, forming sheet, double-tape and tape structures, respectively.
Chemical context
The 4-alkoxybenzoic acid-4,4 0 -bipyridyl (2/1) system, in which the two acids and the base are held together by intermolecular O-HÁ Á ÁN hydrogen bonds, shows thermotropic liquid crystallinity (Kato et al., 1990 (Kato et al., , 1993 Grunert et al., 1997) . The compounds of 4-methoxy-, 4-ethoxy-and 4-n-propoxybenzoic acid show nematic phases, while the compound of 4-n-butoxybenzoic acid exhibits a smectic A phase and then a nematic phase with increasing temperature (Kato et al., 1990 (Kato et al., , 1993 . The crystal structure of 4-methoxybenzoic acid-4,4 0 -bipyridyl (2/1) was reported recently (Mukherjee & Desiraju, 2014; Ramon et al., 2014) . Although the structure of 4-ethoxybenzoic acid-4,4 0 -bipyridyl (2/1) in space group P2 1 was also reported (Lai et al., 2008) , the molecular structure is distorted probably due to the wrong choice of space group. In the present study, we have analysed the structure of 4-ethoxybenzoic acid-4,4 0 -bipyridyl (2/1), (I), as well as the structures of 4-n-propoxybenzoic acid-4,4 0 -bipyridyl (2/1), (II), and 4-nbutoxybenzoic acid-4,4 0 -bipyridyl(2/1), (III).
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Structural commentary
The molecular structure of (I) is shown in Fig. 1 . Compound (I) crystallizes in the space group P2 1 /n with Z = 4. For the structure (space group P2 1 ) previously determined by Lai et al. (2008) , ADDSYM in PLATON (Spek, 2009 ) detected missed symmetry elements, viz. a centre of inversion and a glide plane. The molecular structures of (II) and (III) are shown in Figs. 2 and 3, respectively. The asymmetric units each comprise two crystallographically independent 4-alkoxybenzoic acid molecules and one 4,4 0 -bipyridyl molecule, and the two acids and the base are held together by O-HÁ Á ÁN hydrogen bonds (Tables 1, 2 and 3) , forming a linear hydrogen-bonded 2:1 aggregate. Similar to the reported structure of the 2:1 unit of 4-methoxybenzoic acid-4,4 0 -bipyridyl (2/1) (Mukherjee & Desiraju, 2014; Ramon et al., 2014) , the 2:1 unit of (I) also adopts nearly pseudo-C 2 symmetry, viz. twofold rotation around an axis passing through the mid-point of the central C21-C26 bond of the 4,4 0 -bipyridyl molecule. On the other hand, the 2:1 units of (II) and (III), except for the terminal alkyl chains, have pseudo-inversion symmetry.
The dihedral angles between the pyridine rings of 4,4 0 -bipyridyl are 27.95 (5), 28.84 (4) and 38.76 (12) for (I), (II) and (III), respectively. The pyridine ring and the carboxyl group hydrogen-bonded to it are twisted slightly to each other. The dihedral angles between the N1/C19-C23 and O1/O2/C7 planes, and the N2/C24-C28 and O4/O5/C16 planes are 6.54 (11) and 10.31 (11) , respectively, in (I), those between the N1/C21-C25 and O1/O2/C7 planes, and the N2/C26-C30 and O4/O5/C17 planes are 12.13 (10) and 13.96 (10) , respectively, in (II), and those between the N1/C23-C27 and O1/O2/C7 planes, and the N2/C28-C32 and O4/O5/C18 planes are 13.7 (3) and 8.5 (3) , respectively, in (III). The molecular structures of the ethoxy-and propoxybenzoic acids in (I) and (II) are approximately planar. The dihedral angles made by the benzene ring with the carboxyl group and the alkoxy group in each ethoxybenzoic acid in (I) are 9.60 (10), 1.13 (11), 4.48 (9) and 7.57 (9) , respectively, between the C1-C6 and O1/O2/C7 planes, the C10-C15 and O4/O5/C16 planes, the C1-C6 and O3/C8/C9 planes, and the C10-C15 and O6/C17/C18 planes. The corresponding dihedral angles in (II) are 2.42 (10), 2.48 (10), 2.96 (7) and 5.82 (7) , respectively, between the C1-C6 and O1/O2/C7 planes, the C11-C16 and O4/O5/C17 planes, the C1-C6 and O3/C8/C9/ C10 planes, and the C11-C16 and O6/C18/C19/C20 planes. The butoxybenzoic acid molecules in (III) are also planar, except for the terminal ethyl groups which deviate from the molecular plane with dihedral angles of 66.6 (3) and 60.7 (3) , respectively, between the C4/O3/C8 and C9/C10/C11planes, and the C15/O6/C19 and C20/C21/C22 planes. The dihedral angles made by the benzene ring with the carboxyl group and the alkoxy group are 5.6 (3), 5.4 (3), 5.2 (2) and 4.3 (2) , respectively, between the C1-C6 and O1/O2/C7 planes, the The molecular structure of compound (I), showing the atom-numbering scheme. Displacement ellipsoids of non-H atoms are drawn at the 50% probability level and H atoms are drawn as circles of arbitrary size. The O-HÁ Á ÁN hydrogen bonds are indicated by dashed lines.
Figure 2
The molecular structure of compound (II), showing the atom-numbering scheme. Displacement ellipsoids of non-H atoms are drawn at the 50% probability level and H atoms are drawn as circles of arbitrary size. The O-HÁ Á ÁN hydrogen bonds are indicated by dashed lines.
Figure 3
The molecular structure of compound (III), showing the atom-numbering scheme. Displacement ellipsoids of non-H atoms are drawn at the 50% probability level and H atoms are drawn as circles of arbitrary size. The O-HÁ Á ÁN hydrogen bonds are indicated by dashed lines.
C12-C17 and O4/O5/C18 planes, the C1-C6 and O3/C8/C9 planes, and the C11-C16 and O6/C19/C20 planes.
Supramolecular features
In the crystal of (I), the 2:1 units are linked by C-HÁ Á ÁO hydrogen bonds (Table 1) , forming a sheet structure parallel to (103) (Fig. 4) . In addition, the units are stacked in a column through -interactions between the acid and base rings along the a axis (Fig. 5) . The centroid-centroid distances between the C1-C6 and N1/C19-C23(x À 1, y, z) rings, and between the C10-C15 and N2/C24-C28 (x + 1, y, z) rings are 1292 Table 1 Hydrogen-bond geometry (Å , ) for (I).
Cg1 and Cg2 are the centroids of the C1-C6 and C10-C15 rings, respectively. 
Table 2
Hydrogen-bond geometry (Å , ) for (II).
Cg1 and Cg2 are the centroids of the C1-C6 and C11-C16 rings, respectively. Symmetry codes: (i) Àx þ 1; Ày þ 2; Àz; (ii) Àx; Ày þ 2; Àz; (iii) x À 2; y; z À 1; (iv) x þ 2; y; z þ 1.
Table 3
Hydrogen-bond geometry (Å , ) for (III).
Cg1 and Cg2 are the centroids of the C1-C6 and C12-C17 rings, respectively. 3.7052 (5) and 3.7752 (6) Å , respectively. C-HÁ Á Á interactions (Table 1) are also observed between the columns and between the sheets. In the crystal of (II) and (III), the 2:1 units are linked by C-HÁ Á ÁO interactions (Tables 2 and 3) , forming a doubletape structure along the a axis (Fig. 6 ) and a tape structure along the b axis (Fig. 7) , respectively. Between the tapes in (II) and (III) C-HÁ Á Á interactions are observed (Tables 2 and 3) . A packing diagram of (III) viewed along the a axis, which is approximately perpendicular to the mean plane of the 2:1 unit, is shown in Fig. 8 . The units are arranged into a layer parallel to the bc plane, which leads to a smectic structure. On the other hand, no such a layer structure is observed in compounds (I) and (II), which form nematic liquid phases. 
Database survey
Synthesis and crystallization
Single crystals of compound (I) were obtained by slow evaporation from an acetone solution (150 ml) of 4,4 0 -bipyridyl (70 mg) with 4-ethoxybenzoic acid (150 mg) at room temperature. Crystals of compounds (II) and (III) were obtained from ethanol solutions of 4,4 0 -bipyridyl with 4-npropoxybenzoic acid and 4-n-butoxybenzoic acid, respectively, at room temperature [ethanol solution (150 ml) of 4,4 0 -bipyridyl (65 mg) and 4-n-propoxybenzoic acid (150 mg) for (II), and ethanol solution (150 ml) of 4,4 0 -bipyridyl (60 mg) and 4-n-butoxybenzoic acid (150 mg) for (III)].
Liquid crystalline phases of these compounds were confirmed by measurements of DSC (differential scanning calorimetry) and polarizing microscope. DSC measurements were performed by using Perkin Elmer Pyris 1 in the temperature range from 103 K to the melting temperature at a heating rate of 10 K min À1 . Phase transition temperatures (K) and enthalpies (kJ mol
À1
) determined by DSC are as follows: K i , S A , N and I denote crystal, smectic A, nematic and isotropic phases, respectively. The observed transition temperatures and enthalpies from the solid phase to the liquid crystalline phase are in good agreement with those reported Kato et al. (1990 Kato et al. ( , 1993 . Some unreported thermal anomalies, 373 (2) K for (I), 365 (1) and 369 (1) K for (II), and 358 (1) and 386 (1) K for (III), were also observed.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 4 . For all compounds, C-bound H atoms were positioned geometrically with C-H = 0.95-0.99 Å and were refined as riding with U iso (H) = 1.2U eq (C) or 1.5U eq (methyl C). For all compounds, data collection: RAPID-AUTO (Rigaku, 2006 ); cell refinement: RAPID-AUTO (Rigaku, 2006) ; data reduction: RAPID-AUTO (Rigaku, 2006 ). Program(s) used to solve structure: SIR92 (Altomare et al., 1994) for (I); SHELXS97 (Sheldrick, 2008) for (II), (III). For all compounds, program(s) used to refine structure: SHELXL2014/7 (Sheldrick, 2015) ; molecular graphics: ORTEP-3 for Windows (Farrugia, 2012) ; software used to prepare material for publication: CrystalStructure (Rigaku, 2010) and PLATON (Spek, 2009 ).
(I) 4-Ethoxybenzoic acid-4,4′-bipyridyl (2/1)
Crystal data Symmetry codes: (i) x, y−1, z; (ii) x, y+1, z; (iii) −x, −y+1, −z; (iv) −x+1, −y, −z; (v) −x+1, −y+1, −z.
